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Abstract Our previous patch-clamp studies showed that depo- 
larization activates a K+-specific current in the plasma membrane 
of the budding yeast, Saccharomyces cerevisiae [Gustin et al. 
(1986) Science 233, 1195-1197l. The Yeast Genome Sequencing 
Project has now uncovered on the left arm of chromosome X an 
open reading frame (ORF) that predicts a 77-kDa protein remi- 
niscent of a shaker-like a subunit with 6 membrane spans fol- 
lowed by a subunit with 2 spans. We found that deleting this ORF 
removes the yeast K ÷ current. Furnishing the ORF from plasmids 
restores or even greatly amplifies this current. These manipula- 
tions have no effects on the 40-pS mechanosensitive conductance 
also native to this membrane. Thus, this ORF, named YKC1 here, 
likely encodes a structure for the K+-specific channel of the yeast 
plasma membrane. This and other K ÷ channel subunits are com- 
pared and the possible uses of this gene in research are dis- 
cussed. YKC1 has recently been shown by others to induce in 
frog oocytes a K ÷ current. Its activation is coupled to EK+ and its 
outward rectification depends on external divalent cations. We 
found the YKC1 channel in its native membrane activates at low 
voltages largely independent of EK+ and it remains so despite 
removal of divalents by chelation. 
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1. Introduction 
Depolarization activated K ÷ channels govern K + efflux and 
membrane repolarization. They underlie delayed rectification 
and spike spacing in excitable tissues. Isolation of the Shaker 
gene, which encodes an a subunit of K ÷ channels in Drosophila 
[1], initiated the molecular dissections that have led to a deeper 
understanding in the pore lining, voltage sensor, and inactiva- 
tion particle [2]. 
Although research concentrates on channels of animal tis- 
sues, microbes also have channels that may be important to 
their physiologies and such channels are of comparative and 
evolutionary interest. Besides, they and their genes may provide 
new opportunities to further study channel structures and func- 
tions using modern microbial genetic techniques. Voltage-gated 
K ÷ conductances in several microbes have been documented 
using classical voltage clamp and patch clamp [3]. Up to now, 
however, the proteins or genes corresponding to these conduc- 
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tances remained mostly undefined. On the other hand, nucleo- 
tide sequences partly resembling animal K + channel ~ subunit 
genes have been recognized inParamecium [4] and in E. coli [5], 
but their corresponding conductances, if any, have not been 
identified. 
The budding yeast, Saccharomyces cerevisiae, is commonly 
used as a model eukaryotic cell because of the ease of its genetic 
manipulation. Our patch-clamp analyses of its plasma mem- 
brane have revealed the activities of a mechanically gated chan- 
nel [6] and a voltage gated K ÷ channel [7]. The latter shows a 
strong selection of K ÷ over Na ÷ and is activated by membrane 
depolarization but not by hyperpolarization. It has a unit con- 
ductance of ca. 20 pS (at 120 mM K +, 5°C) and is blocked by 
external Ba 2+ or TEA [7] and by internal Ca 2+ [8,9] or H + [9]. 
Two types of animal K ÷ channel pore-forming subunits are 
recognized [12]: the Shaker (Sh) family K + channels, usually 
activated by depolarization, and the IRKl-type channels, 
showing inward rectification. The Sh-type channel is composed 
of four c~ subunits, each of which can be modeled to have 6 
membrane-spanning domains (M1-M6) with a loop (P) be- 
tween M5 and M6 that is believed to line part of the channel 
pore. An IRKl-type channel, on the other hand, is made of 
subunits each modeled to have only two membrane-spanning 
domains flanking a P loop. The P region, being conserved, is
often diagnostic of these K + channels. 
Investigators from the European Yeast Genome Sequencing 
Project have uncovered an open reading frame 00911) in a 
cosmid bearing sequences from the left arm of chromosome X 
[10]. We and others [11] have recognized that the J0911 ORF 
predicts a 691 residue protein having eight putative membrane- 
spanning domains (M1 M8) with a P loop between M5 and M6 
and an additional P loop between M7 and MS, as if it is a fusion 
of a subunit with the Sh motif (and some sequence homology) 
and one with the IRK1 motif (but little sequence homology). 
Intrigued by the similarity and peculiarity, we tested and report 
here that this ORF indeed corresponds to the yeast plasma 
membrane depolarization activated K ÷ conductance we re- 
ported in 1986 [7]. 
2. Materials and methods 
2.1. Yeast stocks and media 
Saccharomyces revisiae haploid strains c~W303 and ~W303AJO911 
were gifts of T. Miosga. The genotype of ~W303 is MATa, ade2-1, 
his3-11/15, 1eu2-3/112, trpl-1, ura3-1, canl-lO0. ~W303zJJO911 
(ctW303,ykclA::URA3) was derived from ~W303 by the replacement 
of a 1.02-kb genomic fragment, extending from 190 bp 5' of the start 
codon of the YKC10RF through bp 830 of the ORF, with a 1.23-kb 
fragment containing the URA3 gene [10]. ~W303 and ~W303AJO911 
strains were maintained on YEPD plates [13]. c~W303AJO911U- 
was a non-reverting ura3 derivative of c~W303AJO911 isolated by 
selection on 5-fluroorotic ac id  containing plates [14]. 
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CW303AJO911U-(SUFYKC) was CW303AJO911 U- transformed with 
plasmid pSUFYKC bearing URA3, the selectable marker, c~W3033- 
JO911U-(SUFYKC) stock was maintained on synthetic SD plates lack- 
ing uracil. 
2.2. Plasmid eonstructions 
pSUFYKC was constructed for the expression of the YKC1 ORF 
from the promoter of the SUF14 gene, which encodes a constitutively 
expressed ribosomal subunit protein [15]. A 2.1-kb fragment was PCR 
amplified with Pfu DNA polymerase (Stratagene) from yeast genomic 
DNA, using an oligonucleotide primer containing the predicted start 
of the YKC10RF preceded by an additional BamHI site (CGGGA- 
TCCCGATGACAAGGTTCATGAACAG) and a 2nd primer con- 
taining the antisense of the predicted end of the YKC10RF followed 
by an additional HindlII site (CCCAAGCTTGGGTCAAAGTGTC- 
TTTCTATGCT). This PCR product was digested with BamHI and 
HindlII and inserted into the same sites of YEPSUF14B-3A.3B, a 
plasmid derived from YEP352 [15], containing the SUF14 promoter 
immediately followed by a synthetic BamHI site [16]. These URA3- 
bearing plasmids have the origin of replication from the 2/Jm plasmid 
and, under URA selection, exist in multiple copies per cell. 
2.3. Cell cultures 
In preparation for patch clamp, yeast cells were inoculated from fresh 
plates into YEPD at a density of ca. 10 6 cells/ml, grown for 16 h to 
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early stationary phase, and then reinoculated at a 1/20 dilution into 
fresh YEPD and grown for 2 h. We found this growth regimen to 
be optimal in preparing spheroplasts for patch clamp purposes. Be- 
cause of this optimum and because we wished to compare all strains 
under the same conditions, all cells were cultured in the rich 
YEPD. ~W303AJO911U-(SUFYKC) thrived in YEPD but tended to 
segregate its plasmids since the medium did not require the uracil 
prototrophy. Immediately before spheroplasting, aliquots of 
c~W303AJO911U-(SUFYKC) cells were spread on SD plates with or 
without uracil to assess plasmid loss. As expected, many cells reverted 
back to uracil auxotrophy, indicating plasmid loss. The fraction of ura- 
colonies varied among cultures. This loss is consistent with the finding 
that many spheroplasts made from these cells had no K ÷ current (see 
section 3). Because only a few freshly prepared spheroplasts could be 
sampled per culture, the loss of the current has not been statistically 
correlated with the loss of uracil prototrophy, however. 
2.4. Patch clamp techniques 
These techniques are similar to those we have described [6,7,17]. 
Briefly, cells were collected by centrifugation and the cell pellet was 
resuspended and incubated at 30°C for 20 min with 0.13 mg/ml Zy- 
molyase (ICN) in 0.4 M sorbitol to partially digest he cell wall while 
supporting the emerging spheroplasts o motically. The preparation was 
examined under a microscope to monitor the progress of spheroplast 
formation. Spheroplasts were pelleted, washed, and resuspended in
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Fig. 1. The ensemble K + current correlates with the YKC1 gene. (A) Whole-cell current elicited by command voltages from -40 to 0 to 40 mV from 
a spheroplast of the YKC1 wild-type parental strain (YKC1, top current race), the YKCl-deleted strain (ykelA, middle) and the YKCl-replenished 
plasmid transformant s rain (ykelA[YKC1], bottom). (B) Sample current races at -80, 20 and 40 mV from cells of the parental (left), the deleted 
(center) and the plasmid transformed strain (right). Broken lines mark the zero current levels. Note scale change to accommodate the large currents 
of the transformant. (C) Plots the whole cell currents against he clamped voltage for cells of the parent (D), the deleted (<>) and the plasmid 
transformed strain (©). Whole-cell mode recording with a pipet solution of 180 mM KC1, 0.5 mM EDTA, 5 mM HEPES, pH 7.2 and a bath of 20 
mM KC1, 100 mM NaCI, 50 mM MgCI2, 5 mM HEPES, pH 7.2. In this and the following figures ' YKCI' stands for c~W303, the parental strain 
with the wild-type YKCI gene; 'ykclA' stands for ~W303AJO911 with its chromosomal YKC1 deleted; and ykelA[YKCI] stands for 
~W303AJO911U-[pSUFYKC], which is the deletion strain transformed with YKCl-bearing plasmids. 
172 X.-L. Zhou et aL /FEBS Letters 373 (1995) 170-176 
120 mM KC1, 50 mM MgC12, 5 mM HEPES, pH 7.2. An aliquot of 
spheroplast suspension was diluted into the experimental chamber con- 
taining aperfusable bath of 20 mM KC1, 100 mM NaC1, 50 mM MgC12, 
5 mM HEPES, pH 7.2. A Boralex glass pipet was micromanipulated 
in the chamber on an inverted microscope toapproach the clean surface 
of a free-floating spheroplast. Only spheroplasts of diameters of 4-6 
mm were used. Sustained suction on the surface usually yielded gi- 
gaseals. Only preparations with seal resistance over l0 GO were used. 
The electrode was attached to the head stage of a patch clamp amplifier 
(List-Medical System EPC7). Pressure could be applied through asyr- 
inge connected tothe electrode pipet o activate mechanosensitive chan- 
nels [6]. Membrane currents were recorded at room temperature (19- 
23°C) on chart (Gould) or tape (Vetter). Signals were digitized at l0 
kHz, filtered at 1 kHz (8-pole Bessel filter) before analyzed with 
pCLAMP Program (Axon Instrument). All experiments were per- 
formed in whole-cell mode [18]. 
3. Resu l ts  
3.1. Ensemble K+ current correlates with the YKC1 gene 
Under patch clamp, spheroplasts of the parental yeast strain 
(ctW303), from which the YKCl-deletion strain is derived, have 
an electric activity indistinguishable from which we have previ- 
ously identified as the voltage-dependent K ÷ current of another 
wild-type strain (D41) [7]. The whole-cell current of c~W303 
spheroplasts clearly increases upon depolarization a d not hy- 
perpolarization (Fig. 1 A, top current trace). As has been estab- 
lished, the depolarization activated current is carried by K ÷ and 
can be blocked by tetramethylammonium (TEA) [7]. Such a 
current has been observed in every one of over 1,000 wild-type 
spheroplasts in the last 10 years in our laboratory. This current 
is an ensemble of several tens of unit events in rapid state 
transitions [7] (Fig. 1B, left). In contrast, it is entirely missing 
from W303AJO911, the YKCl-deleted spheroplasts (Fig. 1A, 
second current race; Fig. 1B, center). YKC1 deletion does not 
cause a general perturbation of the plasma membrane. 
ctW303AJO911 spheroplasts have membrane resistances and 
leakage currents imilar to those of~W303. Whole-cell currents 
plotted against voltage (Fig. 1C) show the YKCl-encoded cur- 
rent (Fig. 1C, squares) activates upon depolarization, while 
there is no current above leakage background in the YKC1- 
deleted spheroplasts (diamonds). 
We have transformed the deleted strain with a 2/~- 
based plasmid containing a constitutively promoted YKC1 
gene. Spheroplasts from this transformed strain, 
~W303AJO911U-(SUFYKC), not only can have the K ÷ cur- 
rent restored, but it can sometimes be greatly enhanced presum- 
ably because of the presence of multiple copies of the YKC1- 
bearing plasmid (Fig. 1A, bottom; Fig. 1B, right). We have 
confirmed that this current, like the wild-type current [7], can 
also be reversibly blocked by externally applied TEA (data not 
shown). The whole-cell current of the transformant shown in 
Fig. 1 is more than 30 times that of the wild-type parent. There 
appears no rigid control on channel density imposed by cell 
structures or by biophysical limitations here. Not all restored 
cells have amplified current and not all spheroplasts prepared 
from these YEPD cultures inoculated with transformant colo- 
nies from selection plates how the K ÷ current. This is expected 
since the cells are not under selection in the rich YEPD medium 
to retain their plasmids (see section 2). 
3.2. Unit IC conductance of the YKC1 product 
With little or no internal Ca 2+, the ensemble K + currents are 
evident (Fig. 1). 1 mM internal Ca 2÷ was included in the pipet 
solution to block most openings o as to better examine the 
occasional unit conductance [8,9]. Unit currents through the 
plasma membrane of~W303 are observed upon depolarization 
(Fig. 2, left, upper 3 traces) but not hyperpolarization (bottom 
trace). This unit conductance is nearly identical to that ob- 
served in D41 [7] with a conductance of ca. 30 pS in the condi- 
tions used here (180 mM K ÷, room temperature). Similar exam- 
inations with more than 30 spheroplasts of the YKCl-deleted 
czW303AJO911 strain never revealed such a channel activity 
(Fig. 2, center). Spheroplasts of ~W303AJO911U-[SUFYKC] 
have a unit conductance indistinguishable from that of the 
founding parental strain ctW303 (Fig 2, right). 
3.3. The yeast mechanosensitive channel is not related to YKC1 
The yeast plasma membrane is equipped with a set of 40-pS 
mechanosensitive channels [6]. Pressure applied to spheroplasts 
activates these channels in the wild type (Fig. 3, top current 
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Fig. 2. Unit K ÷ currents correlate with the YKC1 gene. Shown are membrane currents at -80, 20, 40 and 60 mV recorded from whole cells with 
1 mM internal Ca 2+ to suppress most opening, so as to examine the occasional unit events. Left: YKC1 (the YKC1 wild-type parent). Center: ykclA 
(the YKCl-deleted strain). Right: ykclzt[YKC1] (the YKCl-restored transformant s rain; this spheroplast has restored but not greatly enhanced 
ensemble K ÷ current). C = closed; O = open level. Pipets: 180 mM KCI, 1 mM CaCI2, 5 mM HEPES, pH 7.2. Bath: 20 mM KCI, 100 mM NaCI, 
50 mM MgC12, 5 mM HEPES, pH 7.2. 
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trace), in YKC1 deletion strain (second current race) and in 
YKCl-plasmid transformed eletion strain (third current 
trace). Thus the mechanosensitive channel is not encoded by 
YKC1, and its deletion has no general effects on other conduc- 
tances in the plasma membrane. The mechanosensitive chan- 
nels are usually examined upon hyperpolarizations so that their 
activities can be separated from those of the K ÷ channels. In 
the case of 0~W303AJO911, however, the K + channels have been 
deleted from the membrane. Here then, we have genetically 
created a situation in which to clearly observe the activities of 
the yeast mechanosensitive channels upon membrane depolari- 
zations (Fig. 3, bottom two traces) as well as hyperpolariza- 
tions. 
3.4. The native K ÷ current differs from the one induced by 
YKC1 in oocytes 
A recent report [11] showed that a K + current appears when 
the J0911 ORF is expressed in frog oocytes. The activation of 
this heterologously expressed current is coupled to E~+. That 
membrane currents become symmetric at either polarizations 
when such oocytes are bathed with 2 mM EDTA and 2 mM 
EGTA led to the conclusion that the outward rectification of 
the expressed K ÷ current depends on external divalent cation(s) 
i l l ] ,  
We have reexamined the native K + current and found no 
coupling to EK+ and no dependence on divalents. For example, 
changing the EK+ by 55 mV changes the current amplitudes as 
expected, but does not noticeably affect the threshold of wild- 
type channel activation (Fig. 4A). Also, the K ÷ current of 
~W303 spheroplasts remains trongly outwardly rectifying re- 
gardless of the external concentration f divalent cations (Fig. 
4B). No current is seen to activate upon hyperpolarization, 
even upon strong chelation (Fig. 4B, bottom right trace). 
4. Discussion 
We report here that an ORF uncovered by the Yeast 
Genome Sequencing Project corresponds tothe depolarization- 
activated K + conductance we described previously [7]. This 
ORF is apparently a functional gene in yeast, which we now 
call YKC1. The product of YKC1 is apparently ocated in the 
plasma membrane. The deletion and the restoration of YKC1 
correlate with the loss and the reappearance of the K ÷ current 
(Figs. 1,2). This, together with YKCI's structural similarities 
to other K channel genes (Fig. 5), makes it likely that it is indeed 
the pore-forming subunit of the yeast channel. Heterologous 
expression of this gene by another group [11] further supports 
this conclusion. 
The K ÷ current expressed inXenopus oocytes [11] and the K* 
current native to the yeast plasma membrane have some simi- 
larities: Both are activated upon depolarization, highly selective 
for K ÷, and blockable by external Ba 2+ or TEA. On the other 
hand, the activation of the heterologous current is coupled to 
Ej¢+, and the current loses its rectification when chelators are 
added to the bath. These properties could not be demonstrated 
with the native K + current (Fig. 4). The origin of these differ- 
ences is obscure. There may be additional subunits besides the 
pore former in the native yeast channel not found in oocytes. 
The YKC1 product may also have acquired from or conferred 
to the oocyte membrane unusual properties. 
The structural peculiarity of the protein predicted by YKC1 
YKC1 
T = s kN/m = 
1__ 
-40 mV 
ykclA -40 mV 
ykc l.4[p YKC l] 
, . ' I  T ' ' ''' Ir 'T '' 
l s  
-40 mV 
ykclA j ~  
+40 mV 
5 pA l , 
40 ms 
B 02  
Fig. 3. Activities of the 40 pS mechanosensitive channels. Whole-cell 
membrane currents induced by pressure xerted on spheroplasts are 
shown. Top diagram: approximates the membrane t nsion as calcu- 
lated from the applied pressure and cell diameter. Top current race: 
YKC1 (the YKC1 wild-type parent). Second trace: ykclA (the YKC1- 
deleted strain). Third trace: ykclA[YKC1] (the YKCl-restored transfor- 
mant strain). Top three traces were recorded at -40 mV. At +40 mV, 
pressure-induced urrents convole with the K ÷ current except when the 
latter is genetically deleted (Fourth trace, same spheroplast asthe sec- 
ond trace). The Bottom trace shows at higher sweep speed the events 
marked with 'D' on the fourth trace, to show clearly the unit events; 
C = closed level, O~ to 04 = one to four-open levels. Pipets: 180 mM 
KC1, 1 mM CaC12, 5 mM HEPES, pH 7.2. Bath: 20 mM KCI, 100 mM 
NaCI, 50 mM MgC12, 5 mM HEPES, pH 7.2. 
[10,11] is obvious: it resembles a fusion of a Sh-like subunit at 
the N-terminal and a IRKl-type subunit at the C-terminal side 
(Fig. 5A). The region from residue 70 to 325 predicts 6 trans- 
membrane domains (M1 through M6) with a pore-forming 
region (P1) between M5 and M6, as in Sh-type ~ subunits. 
There is considerable s quence homology between the P1-M6 
portion of YKC1 and those of other Sh-like ~ subunits (Fig. 
5B). The best match of this portion is with elk, the eag-like 
putative K ÷ channel in Drosophila, with 28% identity and 77% 
similarity [20]. No significant matches of other regions can be 
detected between YKC1 and other Sh-like ~ subunits, including 
the M4 domain, which appears to be a part but not the entirety 
of the voltage sensor in Sh-like channels [24]. The M4 of YKC1 
has only one basic residue, in contrast to the M4's of Sh-like 
a subunits which have several evenly spaced basic residues. The 
region between residue 383 and 455 of YKC1 predicts two 
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Fig. 4. The activation of the native yeast K ÷ channel is largely independent on EK and remains outwardly rectifying regardless of external 
concentrations of divalent cations. (A) Whole cell currents at the marked voltages from a spheroplast bathed in symmetric 180 mM K ÷ (left) and 
after educing external K ÷ to 20 mM (right). Broken lines mark the zero-current levels. A depolarization from 0 to 30 mV clearly activates the currents 
in both cases, although the current is larger for the asymmetric condition because of the larger driving force. In this asymmetric condition, a 30 mV 
depolarization from -55 (= EK) to -25 mV does not activate channel current. The same 0~W303 (wild type) spheroplast was recorded in whole-cell 
mode with pipet solution of 180 mM KCI, 0.5 mM EDTA, 5 mM HEPES, pH 7.2, and bath solution of the same composition, which was then changed 
to 20 mM KCI, 320 mM sorbitol, 0.5 mM EDTA, 5 mM HEPES, pH 7.2, by perfusion. (B) Whole-cell currents at the marked voltages from a different 
spheroplast bathed in the presence (left) and after depletion of external divalent cations (right). An czW303 spheroplast was recorded with the above 
pipet solution and a bath of 180 mM KCI, 10 MgCI2, 5 mM HEPES, pH 7.2. The bath was then perfused thoroughly with 180 mM KC1, 5 mM 
EDTA, pH 7.2. Removal of divalent cations made only minimal differences. Note that no inward currents are activated upon hyperpolarizations. 
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Fig, 5. Sequence analysis of the YKC1 protein, (A) A diagram showing the putative arrangement ofthe different domains of the YKC1 protein with 
respect to the plasma membrane. Numbered residues delimit he putative membrane spanning domains. These domains contain residues judged to 
be within the membrane by the Predict Protein Program [19]. (B) Comparison of amino acid sequence of the P1 and the adjacent part of M6 of YKC1 
and the best fitting P and M6 sequences of other presumed K÷ channel proteins. The consensus sequence is shown on top. The degree of shading 
indicates imilarity to this consensus; darkest indicates identity. Sequences are from Drosophila elk putative K÷ channel (Dro eag-like) [2% human 
ergK ÷ channel (h-erg) [2% mouse eag K + channel (m-eag) [20], rat Shal-1 K + channel (Shal-1) [21]. (C) Comparison of amino acid sequence of the 
P2 and part of the M8 domains of YKC1 with the P and M6 domains of the best fitting sequences ofother presumed K+ channel proteins in the 
database. Sequences are from Drosophila elk putative K÷ channel (Dro eag-like) [2% Drosophila slowpoke Ca2+-activated K ÷channel (Dro slo) [22], 
human slowpoke homolog (h-slo) [23] and mouse eag K + channel (rn-eag) [20]. 
transmembrane domains flanking a pore forming region (P2) 
as in the IRK-type subunits [25]. However, the sequence does 
not match significantly with IRK-type channels, but rather with 
the eag-like or slowpoke-type channels of Drosophila [20,22,23]. 
The homology is restricted to part of M7, P2, and MS, best 
matching the Drosophila Ca2+-dependent K + channel (slow- 
poke) [22], with 31% identity and 75% similarity (Fig. 5C). 
Thus, neither the sequence analysis or the mechanism of activa- 
tion of YKC1 in its native membrane (Fig. 4) indicate features 
akin to inward rectifiers [11]. 
In summary, we present strong evidence that the YKC1 gene 
encodes the K + channel native to yeast plasma membrane. This 
discovery provides new opportunities for a deeper understand- 
ing of voltage-gated ion channels. For example, it might be 
possible to examine channel properties after randomly mut- 
agenizing YKCI so as to gain insights into structure-function 
relations unencumbered bypreconceived hypotheses that drive 
site-directed mutageneses. It might even be possible to collect 
milligrams of natively expressed K + channel protein for direct 
structural studies. 
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